The human papillomavirus (HPV) L2 capsid protein plays an essential role during the early stages of viral infection. Previous studies have shown that the interaction between HPV L2 and endosomal sorting nexin 17 (SNX17) is conserved across multiple PV types where it plays an essential role in infectious entry, suggesting an evolutionarily conserved pathway of PV trafficking. Here we show that the peak time of interaction between HPV-16 L2 and SNX17 is rather early, at 2 h postinfection. Interestingly, the L2-SNX17 interaction appears to be important for facilitating capsid disassembly and L1 dissociation, suggesting that L2 recruitment of SNX17 occurs prior to capsid disassembly. Furthermore, we also found evidence of L2-SNX17 association at the later stages of infectious entry, suggesting that the SNX17-mediated sorting machinery is either involved at different stages of HPV trafficking or that L2-SNX17 interaction is a long-lasting event in HPV trafficking.
INTRODUCTION
Human papillomaviruses (HPVs) are a family of structurally similar non-enveloped dsDNA viruses, whose replication is strictly dependent on the terminal differentiation of the infected keratinocytes. They are the causative agents of a variety of proliferative lesions, with a subset of high-risk HPVs being capable of inducing malignant transformation and cancer. Infection with HPV-16 is, alone, responsible for approximately half of the invasive cervical cancers in women worldwide [1] .
The viral capsid plays a key role in the infectious process and fulfils various functions that are critical for the establishment of a successful viral infection. The capsid is composed of 72 pentamers of the major capsid protein L1 and up to 72 copies of the minor capsid protein L2 [2] . Although L2 is dispensable for capsid formation, it is critical for establishment of infection and has several other important nonstructural functions at different stages of the viral life cycle [3] . Studies of HPV infectious entry have been facilitated mainly by using pseudovirions (PsVs), which are composed of L1 and L2 capsid proteins encapsidating a reporter plasmid. These particles are considered to be a relevant tool to study HPV infectious processes, because they resemble the native virions in terms of structure and behaviour and allow easy monitoring of HPV infection and entry [4] .
HPV entry into host cells involves a series of coordinated steps. First, virions attach to the plasma and basement membrane via L1-mediated binding to heparin sulfate moieties [5, 6] . This triggers conformational changes in the capsid proteins and L2 is consequently cleaved by the cellular protease furin [7] . HPV virions are then transferred to an unknown internalization receptor [7, 8] and endocytosed by one of several endocytic pathways. The precise mechanisms of the internalization remain controversial. Recent studies propose a clathrin-, caveolin-and lipid raft-independent entry pathway [9] , although there is debate as to whether different papillomavirus (PV) types exploit different mechanisms to enter the cell [10, 11] . Subsequent steps during viral infection appear to be common to most PV types. Although incompletely understood, they involve virion disassembly during endosome acidification, and the subsequent separation of L1 from L2, a process that requires cyclophilins [12] [13] [14] [15] . While the majority of L1 is sorted into lysosomes, L2-viral DNA complexes egress from the endocytic compartments and are finally transported to the nucleus through the trans-Golgi network (TGN) [16] and, possibly, the endoplasmic reticulum [17] . Mitotic progression and nuclear breakdown are important for nuclear entry [18, 19] and can critically affect the timing of the HPV infection [20] . Our understanding of the mechanisms by which L2-DNA complexes pass the endosomal membrane and are transported to the TGN remains fragmentary, although a recent report showed that sorting nexin 17 (SNX17)-mediated trafficking [21] and retrograde transport [22, 23] are required for these processes.
Apart from its role in the internalization into host cells, interactions between L2 and various cellular proteins have been shown to be important for infection, and these include nucleophosmin during the process of virus assembly [24] . The transit of vesicles to the TGN and nuclear entry probably involves movement along microtubules by way of molecular motors, since L2 has been shown to interact with dynein [25] , while a membrane-associated cellular protease g-secretase is required for localization of L2 and viral DNA to the Golgi apparatus and endoplasmic reticulum [17, 26] . It is becoming clear that extensive cellular cargo sorting machinery is involved in L2-related HPV trafficking from endosomes to the nucleus, including SNX17 [21] and SNX27 [27] , retromer proteins [23] , and at least one member of the ESCRT complex, TSG101 [28] . The exact sequence of events in which HPVs utilize members of the host sorting machinery for the transition to TGN and nucleus remains an important question.
We reported previously that the HPV-16 L2 interaction with SNX17 is essential for HPV-16 infection. Loss of the L2-SNX17 interaction results in the accumulation of capsids in the lysosomal compartment, severely reducing the transit of the viral genome into the nucleus [21] . We showed that at least one putative SNX17 binding motif NPxF/Y (PTB consensus binding motif) is present in L2s from diverse PV genera, indicating that this motif is evolutionarily very conserved [29] . The SNXs are a family of proteins characterized by the presence of a phox-homology (PX) domain, which localizes SNXs to intracellular vesicles enriched in specific phosphatidylinositol phosphates [30] . The family includes diverse cytoplasmic and membrane-associated proteins that are involved in endocytosis, endosomal trafficking and endosomal signalling [31] . SNX17 is localized in early endosomes and recycling tubules and is primarily involved in endosomal recycling of transmembrane proteins, including the lowdensity lipoprotein receptor (LDLR) family [32, 33] and b1 integrins [34] , among others. The related protein SNX27 shares several structural features with SNX17 and also binds to L2 proteins [27] . Both proteins belong to a subfamily of PX-FERM endosomal membrane scaffolds [31] , but SNX27 also has an amino-terminal PDZ domain through which it targets a different repertoire of cargoes. Both SNXs have FERM-like domains that could function as adaptors for the SNX-BAR-retromer pathway [35] , which is consistent with recent studies confirming the requirement of the retromer complex for PV infection [22] , and the direct interaction of HPV-16 L2 with the retromer [23] .
Therefore, the aim of this study was to further characterize the role of SNX17 in HPV intracellular trafficking. We show that the peak of interaction between HPV-16 L2 and SNX17 is rather early, at 2 h post-infection, and that the L2-SNX17 interaction is required for optimal virus uncoating. This suggests that one consequence of the L2-SNX17 interaction is to ensure that the viral capsids are correctly sorted into compartments where capsid disassembly can take place. We also found signs of L2-SNX17 interaction at later times post-infection, suggesting a possible involvement of SNX17 at multiple steps during HPV trafficking.
RESULTS

L2 protein interacts with SNX17 early after infection
We have shown previously that the interaction between HPV L2 and SNX17 is crucial for viral infection with multiple PV types, indicating an evolutionarily highly conserved viral entry mechanism [29] . Loss of this interaction dramatically decreases the efficiency of viral genome transit to the nucleus [21] . To further explore the role of the L2-SNX17 interaction during infection, we performed a series of immunofluorescence experiments assessing the colocalization of SNX17-positive vesicles and HPV-16 capsids in HaCaT cells using AlexaFluor (AF)488-labelled HPV-16 PsVs. The specificities of the anti-SNX17 antibodies were confirmed in shSNX17 silenced HaCaT cells [21] and no cross-reactivity with other endocytic proteins was detected (data not shown). In non-infected HaCaT cells, endogenous SNX17-positive vesicles were cytoplasmic, clustering between the cell membrane and nucleus (Fig. 1a) . HaCaT cells were then exposed to HPV-16 PsVs, and colocalization at different times post-infection was analysed by confocal microscopy. Some colocalization was seen as quickly as 30 min post-infection, but a strong recruitment of SNX17 to the HPV-16 PsV-containing vesicles was seen 2 h postinfection (hpi) (Fig. 1b) . Interestingly, the SNX17 recruitment by wild-type PsVs at 2 hpi was significantly higher than that obtained with PsVs containing a mutant L2 that was defective in SNX17 recognition (P<0.001; Fig. 1c ), indicating that this effect was L2-specific. The average ratio of SNX17-positive vesicles colocalizing with HPV-16 wild-type PsVs at 2 hpi was 27±6 %, compared with 14±6 % with SNX17-mutant HPV-16 PsVs. No significant differences between the wild-type and SNX17-mutant PsVs were observed at later time points. To evaluate the possible effects of a robust early internalization process and high multiplicity of infection on the above results, we performed a titration, reducing PsV concentrations by 50 and 90 %. The results are shown in Fig. S1 (a) (available in the online Supplementary Material), and confirm the differences obtained between the wild-type and SNX17 mutants, although the ratios of SNX17 vesicles colocalizing with PsVs are lower, as expected. The differences in the infectivity of the particles used for colocalization studies were also confirmed (Fig.  S1b) . It is worth mentioning that the co-assembly of L1/L2 proteins into particles is not affected by mutation in the SNX17-binding site [21] . Likewise, we showed previously that the wild-type and mutant PsVs contain similar amounts of encapsidated reporter luciferase plasmid.
Examining the ratio of HPV-16 PsVs colocalizing with SNX17-positive vesicles during the course of an HPV infection (Fig. 1d) , we observed an increase in the ratio of colocalization at 2 hpi for both wild-type and SNX17-mutant PsVs, which could be due to the proposed localization of HPV-16 virions in early endosomes as the first step in viral entry [36] . As a sorting protein with affinity for the early endosomal membrane, SNX17 is routinely recruited to endosomal compartments during the endocytic processes [37] . Nevertheless, wild-type PsVs stayed in SNX17-positive vesicles up to 4 hpi, while the ratio of SNX17-binding mutant PsVs had dropped to basal level by 4 hpi (P<0.01).
To confirm the biochemical interaction of L2 and SNX17 during an HPV infection, we performed a series of immunoprecipitation experiments. HPV-16 PsVs were bound to HaCaT cells at 4 C and then internalized at 37 C. Since SNX17 is very abundant in the cytoplasm and can interfere with specific vesicular interactions, we used a differential cell lysis kit to obtain cell extracts depleted of cytoplasm, thereby allowing us to assess the vesicular L2-SNX17 interaction. Immunoprecipitations using anti-SNX17 antibodies confirmed the interaction between wild-type HPV-16 L2 and SNX17 during HPV infection. While the levels of SNX17 remained fairly constant over the time of the assay, the interaction with L2 was strongest at 2 hpi, when approximately 6 % of L2 in the vesicular fraction was pulled-down with SNX17. Interaction could also be seen at 45 min, 4 h, 6 h and 9 h post-infection (Fig. 2a) . In contrast, PsVs with L2 defective in binding SNX17 bound only very weakly to endogenous SNX17 (Fig. 2b) . Considerably less than 1 % of L2 in the vesicular fraction interacted with SNX17 at any time point tested. The interaction between SNX17 and HPV-16 L2 early in infection was further confirmed using wild-type HPV-16 PsVs with L2 HA-tagged at the C terminus. As can be seen from Fig. 2(c) , the endogenous SNX17 co-immunoprecipitates with the HA-tagged L2 in extracts from cells infected with the PsVs but not from uninfected control cells. These results confirm the interaction between HPV-16 L2 and SNX17 during virus entry, with a peak of interaction at 2 hpi, but with lower levels of association being maintained for at least 9 hpi.
SNX17 interacts with the L2/DNA complex at two stages in HPV infection
After confirming that SNX17 interacts with L2 during HPV infection, we were interested in determining whether we could more directly visualize this specific interaction. AF488-labelled PsVs are a useful tool early in HPV trafficking, but are not very informative for late events where HPV virions are partially disassembled, since the labelling primarily detects the L1 protein. In addition, it is not possible to distinguish between DNA-containing capsids and empty capsids, which probably have different fates after internalization. For this reason, we performed a set of immunofluorescence experiments using HPV-16 PsVs with the encapsidated reporter DNA labelled with 5-ethynyl-2¢-deoxyuridine (EdU) (Fig. 3a) , which could then be used as a surrogate marker for L2-DNA complexes. As expected, wild-type HPV-16 PsVs recruit a significantly higher ratio of SNX17-positive vesicles at 2 hpi than SNX17-binding defective mutant PsVs (P<0.001) (Fig. 3b) , confirming that this effect is indeed L2-specific. In contrast to the AlexaFluor-labelled PsVs, we also observed another peak of colocalization later post-infection. Significantly more SNX17-positive vesicles colocalize with EdU-labelled wildtype PsVs than with SNX17-binding defective mutant PsVs at 8 hpi (P=0.001), 16 hpi (P<0.01) and 24 hpi (P<0.01). In addition, the number of EdU-labelled PsVs colocalizing with SNX17-positive vesicles was significantly higher for wild-type PsVs than for mutant PsVs at both 45 min and 2 hpi (P<0.001), and was maintained throughout the period of the assay (Fig. 3c) .
To examine the potential recruitment of SNX17 at later times post-infection, we labelled HPV-16 infected cells for SNX17 and p230, a marker of the TGN, a compartment that is well established to be involved in HPV trafficking [16] . As can be seen from the nucleus at late times post-infection. It is worth mentioning that no SNX17 signal was detected in the nucleus 26 or 48 hpi (data not shown), excluding the possibility that SNX17 accompanies L2 to the nucleus. The functional relevance of the potential transition of SNX17 to the perinuclear region remains to be determined.
Interaction with SNX17 supports faster viral uncoating and L1 dissociation The L2-DNA transition to the nucleus requires disassembly of the HPV capsid and dissociation of L1 from the L2-DNA complex, the latter step being facilitated by cyclophilins [15] . We were therefore interested in determining whether the ability of L2 to interact with SNX17 played a role in these early steps of virus infection. To monitor viral uncoating, HaCaT cells were infected with wild-type and SNX17-mutant HPV-16 PsVs and stained with the 33L1-7 antibody, which recognizes L1 only after partial disassembly of the viral capsid [15, 26] . Using wild-type PsVs, we observed no indication of uncoating in the first 2 hpi, while from 4 to 9 hpi we detected a clear 33L1-7 signal (Fig. 5a ), demonstrating exposure of the L1 uncoating-dependent epitope. In contrast, exposure of the 33L1-7 epitope in the SNX17-binding-deficient mutant PsVs at 6 hpi was much less apparent than with the wild-type viruses (P=0.031; Fig. 5b ). This indicates that the interaction of L2 with SNX17 plays an important role in these early steps of virus uncoating.
Our next question was how much of the L1 uncoating occurs in SNX17-positive vesicles. We studied colocalization of endogenous SNX17 and uncoated L1 under non-denaturing conditions using both wild-type and mutant HPV-16 PsVs. As shown in Fig. 5(c) , less than 40 % uncoating was observed in the SNX17-positive vesicles at 4-6 hpi, with a further drop to around 20 % at 9 hpi. We observed no major difference between the wild-type and SNX17-bindingdeficient HPV-16 PsVs at 4 and 6 hpi, suggesting that the initial uncoating observed in SNX17 vesicles probably does not depend on the L2-SNX17 interaction. Nevertheless, we observed less uncoated L1 in SNX17-positive vesicles with wild-type HPV-16 PsVs than with SNX17 binding-deficient PsVs at 6 hpi and even less at 9 hpi (Fig. 5c ). These data suggest that the L2-SNX17 interaction facilitates L1 uncoating, as seen in Fig. 5(b) , although in a different vesicular compartment.
To address the possibility that post-uncoating cleavage of L1 can contribute to the 33L1-7 signal [38] , we evaluated degradation of L1 proteins in the first 9 h of infection. Fig. S2 shows the appearance of the major L1 degradation products at 4 hpi and later. We observed no major differences in L1 degradation between the wild-type HPV-16 ( Fig.  S2a) and SNX17 binding-deficient HPV-16 PsVs (Fig. S2b) . These results suggest that differences in the exposure of the 33L1-7 epitope between the wild-type and SNX-17 bindingdeficient PsVs are not simply a consequence of differences in L1 processing.
Bienkowska-Haba et al. [15] suggested that HPV-16 L1 protein dissociates from the L2-DNA complex before its egress from endosomes and is consequently targeted for degradation. To examine this possibility in our experimental setting, we analysed the dissociation of L1 from the EdU-labelled reporter viral DNA, using DNA labelled with EdU as a surrogate marker for L2-DNA complexes. Capsid proteins were denatured prior to immunostaining using the Click-iT reaction cocktail and then labelled with 33L1-7 antibodies to detect total L1 protein. Colocalization at 0 hpi (attachment) was used as a control, with more than 80 % of EdU-labelled viral DNA colocalized with L1, corresponding to HPV capsids containing EdU-labelled DNA (Fig. 5d, e) . Colocalization of EdU-labelled viral DNA and L1 proteins remained almost unchanged in the first 4 hpi, while at 6 and 9 hpi we observed a clear reduction in colocalization. Dissociation of L1 from the EdU-labelled viral DNA at 6 hpi was significantly stronger with the wildtype HPV-16 PsVs than with SNX17-mutant PsVs (P<0.01), indicating that the L2-SNX17 interaction indeed supports faster dissociation of L1 capsid protein from L2-DNA complexes (Fig. 5e) . A similar trend was also observed at 9 hpi. Taken together, these data show that the L2-SNX17 interaction facilitates faster uncoating and dissociation of L1 from the L2-DNA complexes.
DISCUSSION
Previous studies have shown that SNX17 plays an important role in PV infection. siRNA-mediated knockdown strongly reduces PV infection, which is associated with increased delivery of PsVs to the lysosomal compartment and consequent L2 degradation [21] . Strict conservation of the SNX17 binding site between different PV genera suggests that this is an important part of the host cellular machinery used to deliver viral DNA to the site of viral genome replication [29] . The fundamental question remained how and when this interaction occurs during an HPV infection.
To investigate this, we performed a series of immunofluorescence experiments to analyse the colocalization of SNX17-positive vesicles with AF488-labelled capsid proteins or EdU-labelled pseudovirus DNA. Strong recruitment of SNX17 to the virus-containing vesicles was observed at 2 hpi (Figs 1c and 3b) , suggesting that viral capsids and L2/viral DNA complexes are located in close proximity to SNX17 early post-infection. This effect was L2-specific, as no significant recruitment of SNX17 was observed with HPV-16 PsV mutants in the SNX17 binding site of L2 (254NPAY257AAAA). Additionally, wild-type PsVs, capable of SNX17 interaction, stayed in SNX17-positive vesicles significantly longer than SNX17-deficient PsVs (Fig. 1d) .
SNX17 has an intrinsic affinity for early endosomal membranes and is normally recruited to endosomal compartments. However, SNX17 requires membrane-coincident detection of both specific phosphoinositides and cargo NPxY/F sequences for membrane localization and the formation of an organelle- HaCaT cells were exposed to wild-type or mutant PsVs for 1 h at 4 C. The cells were then washed and incubated at 37 C for the indicated periods of time. After incubation, the cells were fixed and stained with 33L1-7 antibodies to detect uncoating-dependent L1 and SNX17 (a, b and c) or processed first for EdU-labelled DNA and then stained with anti-L1 antibodies to detect total L1 (d and e). Selected images show uncoating-dependent L1 signal and SNX17 (a) or L1-EdU-labelled DNA colocalization (d) at 2, 4 and 6 h postinfection. The micrographs are representative and show the mid-cell body/nucleus focal planes. Bar, 10 µm. (b) Intensity of the uncoating-dependent L1 signal was analysed using ImageJ software and presented as corrected total cell fluorescence (CTCF) per cell. Ratios of uncoating-dependent 33L1-7 signal colocalizing with SNX17-positive vesicles (c) and EdU-labelled pseudoviral DNA colocalizing with total L1 (e) were determined with Mander's colocalization coefficients for two channels using ImageJ software with the JACoP plug-in. Results from three independent experiments are presented as means±SD of at least 50 cells per condition and the corresponding P values are: *P<0.05, ***P<0.001. specific transport complex [39] . We concluded that recruitment of SNX17 to the HPV virus-containing vesicles is promoted by the SNX17-L2 interaction. This interaction in vivo was confirmed by immunoprecipitation, where the strongest interaction of both proteins was observed 2 hpi, while the interaction itself was detected up to 9 hpi (Fig. 2) . Interestingly, we observed additional SNX17 recruitment to the EdUlabelled viral DNA-containing vesicles at 8 hpi and later (Fig. 3b) . This effect was not observed with AF488-labelled HPV-16 PsVs, where the majority of the fluorescence signal belongs to the L1 protein (Fig. 1c) . We also detected clear rearrangement of SNX17-positive vesicles around the TGN at later times post-infection (Fig. 4) , where SNX17 is not normally seen. This observation could be in line with a recent report [40] suggesting that the incoming HPV genomes dissociate from the TGN at late time points, and remain in membranebound vesicles until mitosis is completed. Clearly, additional experiments are needed to test any potential involvement of SNX17 in these vesicles.
Although L2 can interact with SNX17 during virus infection, this nonetheless raises the important issue of how this can occur when SNX17 is found on the cytosolic side of the endocytic compartments. SNX17, like some other L2-interacting host factors, is a cytosolic protein interacting with transmembrane proteins as its cargo molecules. A self-associating L2 Nterminal transmembrane domain (residues 45-67) [41] and a hydrophobic C-terminal membrane-destabilizing L2 segment [12] have been identified previously, which may be important for L2 membrane penetration and viral DNA translocation. A more recent report demonstrated that a large part of the L2 protein becomes accessible on the cytosolic side of the intracellular membranes and thus becomes available for interaction with cytosolic factors [42] , although the exact mechanism of membrane penetration by L2 remains to be determined.
An important question is how the major capsid protein L1 participates in the early events of HPV trafficking. It is clear that acidification of endosomal compartments causes viral capsid disassembly and segregation of L1, probably prior to the egress of the L2-viral DNA complex. A recent report showed that a small amount of L1 accompanies L2 to the TGN, but does not accompany it into the nucleus [43] . We show that exposure of the uncoating-dependent L1 epitope (33L1-7) occurs rather early post-infection, sometime between 2 and 4 hpi (Fig. 5a ). Initial capsid uncoating occurs partially in SNX17-positive vesicles, while later steps appear to be in vesicles lacking SNX17 (Fig. 5c) . However, it is very clear that if the incoming PsVs are defective in SNX17 interaction, then capsid disassembly is significantly perturbed, suggesting that exposure of the L2-SNX17 interaction motif occurs very early in infection and that this interaction plays an important role in triggering more complete capsid disassembly. In agreement with these observations, we also found that L1 dissociation from the encapsidated DNA was significantly perturbed in mutant PsVs that were defective for SNX17 interaction (Fig. 5d, e) .
Taken together, these studies demonstrate that the HPV-16 L2 interaction with SNX17 occurs very early during infectious entry and that this appears to play a critical role in the subsequent completion of capsid disassembly and dissociation of L1 from the L2-DNA complex.
METHODS
Plasmids and antibodies pXULL, coexpressing both codon-optimized HPV16 L1 and L2, and pXULL-CHA, expressing codon-optimized HPV16 L1 and C-teminal tagged HA-L2, were generously provided by John Schiller (National Institutes of Health, Bethesda, MD, USA). pGL3 construct encoding the luc+ gene was purchased from Promega. The 254NPAY257AAAA substitution in the context of pXULL plasmid (PsVs L2-254NPAY257AAAA) was generated using a QuikChange XL site-directed mutagenesis kit (Stratagene). The L1 and L2 proteins of the SNX17 binding-deficient mutant were confirmed by DNA sequencing. Mouse antibodies against HPV-16 L2 (16.D4 64-81) were generated and generously provided by Martin Müller (German Cancer Research Center, Heidelberg, Germany), while the HPV-16 L1-specific mouse monoclonal antibodies 33L1-7 were a kind gift from Martin Sapp (LSU Health Shrevenport, Shrevenport, LA, USA). The following antibodies were also used: anti-SNX17 (H-10, Santa Cruz; HPA043867, Atlas Antibodies), anti-p230 (611280, BD Transduction Laboratories), anti-L1 (CAMVIR-1, Abcam), alpha-actinin (H-300, Santa Cruz) and appropriate secondary antibodies conjugated to HRP (Dako), AlexaFluor 488 or AlexaFluor 546 (Molecular Probes).
Cells and transfection
HaCaT (spontaneously immortalized human keratinocyte cells) and 293TT cells [44] were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10 % FBS, penicillin-streptomycin (100 U ml
À1
) and glutamine (300 µg ml À1 ). When applicable, 293TT cells were transfected with DNA constructs using calcium phosphate (CaPO 4 ) precipitation [45] .
PsV production and labelling Luciferase reporter transducing HPV-16 PsVs were generated in 293TT cells as previously described [44, 46] . Purity and capsid protein content were determined by SDS-PAGE and Coomassie Brilliant Blue staining against BSA standards. Content of encapsidated DNA was analysed by DNA extraction from PsV preparations in DNA extraction buffer (20 mM Tris pH 8, 20 mM DTT, 20 mM EDTA, 0.2 % SDS and 0.2 % proteinase K) for 15 min at 50 C. To determine the amount of encapsidated pGL3 plasmid (viral genome equivalent, vge), luciferase DNA was purified using Euro Gold Cycle Pure kit (Euroclone) and subjected to quantitative LightCycler PCR. DNA was amplified using primers specific for pGL3 vector, Power Sybr Green PCR Master Mix (Applied Biosysytems) and a Bio-Rad CFX96 Real-Time PCR machine. The genome copy number was quantified in comparison with a standard curve of reporter plasmid DNA.
For PsV fluorophore labelling, freeze/thawed lysates were cleared by centrifugation and protein concentration was determined using a Bio-Rad protein assay. Lysates were diluted with water to 4-6 mg ml À1 and 1 M sodium bicarbonate (pH 8.4) was added at 10 %. Then, 500-1000 µl of lysate was labelled with 300 µg of AF488 carboxylic acid succinimidyl ester (Molecular Probes) in the dark for 60 min at room temperature with constant stirring. The conjugated lysate was neutralized with 1 M NaPO 4 (pH 6.5). Further purification and concentration of AF488-labelled PsVs were performed as for non-labelled PsVs. PsVs that contained packaged EdU-labelled plasmid were prepared by addition of 25 µM EdU to the 293TT cells 12 h post-transfection. Harvesting and purification of EdU-labelled PsVs was performed as above. AF488-labelled PsVs and EdU-labelled PsVs were stored at À80 C in HPV stabilization buffer (HSB: 25 mM HEPES, pH 7.5, 500 mM NaCl, 0.05 % Brij58, 1 mM MgCl 2 , 100 µM EDTA, 0.5 % ethanol).
PsV trafficking assay
HaCaT cells were seeded onto glass coverslips at a density of 0.8Â10 5 per well for 48 h. The cells were then prechilled to 4 C and infected with approximately 1Â10 8 vge of AF488-labelled or 1.5Â10
8 EdU-labelled PsVs per well. Taking into account the rate of proliferation of HaCaT cells during 48 h of preincubation, the approximate amount of PsVs applied at the time of infection was approximately 300 vge per cell for AF488-labelled PsVs and 500 vge per cell for EdU-labelled PsVs. At indicated time points, the cells were washed with PBS and fixed in PBS/3.7 % paraformaldehyde for 15 min at room temperature. The cells were then permeabilized in PBS/0.1 % Triton at room temperature for 5 min. For detection of L1 uncoating, the cells were fixed and permeabilized in methanol at À20 C, and were then washed extensively with PBS and incubated with primary antibodies in 2 % FBS for 1 h at 37 C. After washing, the cells were incubated with appropriate AlexaFluorlabelled secondary antibodies (Molecular Probes) for 30 min at 37 C, followed by another extensive wash in PBS.
For detection of EdU-labelled reporter DNA, the cells were exposed to EdU-labelled PsVs as described above. At various times post-attachment, the cells were washed with PBS and fixed in PBS/3.7 % paraformaldehyde. After washing in PBS/3 % BSA, the cells were permeabilized in PBS/0.5 % Triton for 20 min. The cells were then washed in PBS/3 % BSA and incubated with freshly prepared Click-iT reaction cocktail (Clik-iT EdU Imaging Kit; Molecular Probes) for 30 min at room temperature to detect EdU-labelled DNA. The cells were again washed in PBS/3 % BSA and subjected to immunofluorescence using appropriate primary antibodies and AF488 or AF546-conjugated secondary antibodies (Molecular Probes). The cells were then counterstained with DAPI, washed in water and mounted on glass slides. Slides were visualized using an Axiovert 100 M microscope (Zeiss) attached to an LSM 510 confocal unist.
Colocalization analysis was performed using ImageJ software [47] with the JACoP plug-in [48] . Percentages of PsVs colocalizing with SNX17 and L1 colocalizing with DNA or SNX17 were determined with Mander's colocalization coefficients for two channels. For quantification of the L1 signal in L1 uncoating, the cells (regions of interest) were analysed for intensity of L1 signal and presented as corrected total cell fluorescence (CTCF) per cell. Colocalization data of the wild-type HPV-16 PsVs and the SNX17-mutant PsVs at any given time point were statistically analysed by an unpaired (two-sample) t-test using GraphPad Prism 6 software. Results from three independent experiments are presented as means ±SD of at least 50 cells per condition.
Immunoprecipitation
HaCaT cells ( 1Â10 6 ) were seeded onto 10 cm 2 dishes and grown overnight. The cells were then infected with approximately 5À10Â10 8 vge of HPV-16 PsVs per dish. After attachment for 1 h at 4 C, the cells were washed and transferred to 37 C to allow PsV internalization. Prior to lysis, the cells were harvested by trypsinization, which also served to remove the membrane-bound PsV fraction. Differential cell lysis was performed with a ProteoExtract Subcellular Proteome Extraction Kit (Calbiochem), according to the manufacturer's instructions. After removal of the F1 fraction (cytosol), the cell pellets were lysed in RIPA buffer (150 mM NaCl, 5 mM EDTA, 50 mM Tris, pH 8.0, 1 % NP40, 0.5 % sodium deoxycholate, 0.1 % SDS), then centrifuged and supernatants were incubated either with anti-HA-conjugated agarose beads (Sigma) or anti-SNX17 antibody (Atlas Antibodies) overnight at 4 C. Rabbit anti-GST antibody (Santa Cruz) was used as a control antibody. In the case of primary antibodies, the immune complexes were collected by incubation with Protein A resin for an additional 2 h at 4 C. After incubation, all beads were extensively washed with lysis buffer and subjected to SDS-PAGE followed by Western blotting. Anti-SNX17 or anti-L2 antibodies were used to visualize co-immunoprecipitated proteins. Band intensities of L2 were analysed using ImageJ software and the amount of L2 interacting with SNX17 was compared to the amount of total L2 in the vesicular fraction (inputs -15 % of total L2).
Infectivity assay
HaCaT cells were seeded in a 12-well plate at a density of 0.5Â10 5 per well. After adherence, HPV-16 PsVs were added at approx. 300 vge per cell (100 %), approx. 150 vge per cell (50 %) or approx. 30 vge per cell (10 %). Infection was monitored at 48 h by luminometric analysis of firefly luciferase activity using a Luciferase Assay System kit (Promega).
L1 degradation assay
HaCaT cells were seeded in a 12-well plate at a density of 0.5Â10 5 per well. The approximate amount of PsVs applied at the time of infection was 200 vge per cell. HaCaT cells were exposed to PsVs for 1 h at 4 C. The cells were then washed and incubated at 37 C for the indicated periods of time. After incubation, the cells were lysed in 2Â SDS loading buffer and analysed by SDS-PAGE and immunoblotting using anti-L1 antibodies (CAMVIR-1). Alphaactinin was used as an internal loading control.
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